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SaCURT 

\  ^ 

An  analysis  la  prascnted  of  tha  longitudinal  dynmic  stability 
characteristics  in  hovtring  and  in  level  low-speed  flight  (X  ^  .12\ 
of  the  Hiller  7*foot  dianeter  ducted  fan  flying  platform.  In  addition, 
several  configuration  variations  were  investigate,  including  duct 
section  and  chord,  nuid>er  of  propeller  blades,  propeller  blade  setting, 
and  clearance  between  tips  of  propellers  and  inside  of  duct.  The  equations 
of  notion  are  developed  using  standard  nethods.  Tine  histories,  obtained 
with  an  analog  conputer,  and  the  resulting  stability  peraAeters  art  pre¬ 
sented  graphically.  The  present  gyrobar  stabiliser  system  provides 
sufficient  damping  in  hovering  flight  but  will  not  overcome  the  divergent 
notion  in  forward  flight.  For  this  reason,  the  dynanic  characteristics 
deteriorate  with  increasing  speed.  This  is  primarily  due  to  the  static 
(angle-0 f-attack)  instability  which  occurs  at  higher  speeds. 
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1.  WTRODDCnOII 


1h«  UM  of  I  duoUd  proptlltr  at  t  nan  carrying  vthlola  haa  bean 
oonaidarad  for  tha  past  faw  years  by  the  Military.  Various  thaoratioal 
and  axparijiantal  prograas  have  bean  initiated  to  Inrastigata  tha  par- 
fomanca  and  stability  and  control  oharaotaristios  of  such  a  v^cla. 

This  contractor  was  avardad  a  contract  by  the  Office  of  Kaval  Research 
in  1951if  Nonr  13^(00),  to  deteraina  in  part  tha  flight  churactarlstios 
of  a  personnel  flying  ducted  propeller  that  was  kineatheticly  controlled. 
This  naans  of  control  was  conceived  by  Ziaaeman  of  tha  NACA  in  1952 
(Ref*  1).  It  nakes  use  of  tha  saaa  instinctive  reactions  a  parscn  uses 
to  stand  and  walk.  Tha  pilot  standing  on  the  platfora  acts  unccnciously 
as  an  autopilot  in  counteracting  any  disturbance  that  ai^t  occur  and 
for  steady  fli^t  ha  sinply  shifts  his  weight  by  leaning  in  the  direction 
of  desired  notion.  This  ccmtractor  has  coapleted  several  phases  of  the 
subject  contract  in  which  stability  and  ccntrol  analytes  md  flight  test 
prograas  have  been  conducted  on  a  5-foot  platfom.  The  std>llity  and 
control  results  of  these  various  phases  have  indicated  that  the  5-foot 
platfom  can  be  cmtrolled  kinesthetic  ally  in  hovering  and  low-speed 
forward  flight  in  cala  air  but  that  probleas  arise  in  windy  gusty 
conditlonsi  (see  Ref.  2). 

In  order  to  iaprove  the  fli^t  characteristics,  a  aechanlcal  gyrobar 
stabiliser  was  developed  which  autonatically  applies  corrective  control 
application  in  both  pdteh  md  roll.  This  stabiliser,  shown  in  Figure  1-A, 
is  a  systen  of  two  bars  which  rotate  with  the  lower  propeller  and  have 
the  freedoB  to  pivot  relative  to  the  propeller  plane.  On  each  end  of  the 
bars  is  an  airfoil-shaped  paddle  to  give  aerodynanlc  damping.  These 
stabiliser  bars,  excit^  by  gyroscopic  aonents,  actuate  a  set  of  pitch 
and  roll  vanes  mounted  below  the  platform.  Figure  1-B  shews  the  mechanical 
operation  of  the  system  for  the  case  of  the  duct  pitched  down  at  the  noee. 
The  dash  lines  show  the  relative  position  of  the  bar  and  vanes  to  the  duct 
and  the  force  "L"  thus  produced  by  the  vanes.  This  force  of  the  vanes 
produces  a  dasping  moment  opposing  the  pitching  or  rolling  disturbances 
of  the  platform. 

In  order  that  a  quantitative  analysis  of  the  platform  st^ility  and 
control  problem  night  be  carried  out,  a  wind  tunnel  test  program,  additional 
flight  tests,  and  theoretical  studies  were  contracted  for  under  Annex  B  to 
Contract  Mo,  Nonr  1357(00).  The  wind  tunnel  program  consisted  of  testing 
various  duct  shapes,  propellers,  and  centerb<^ies  in  many  combinations  at 
various  angles  of  attack,  propeller  blade  pitch  settings  and  advance  ratios 
(tunnel  airspeed/propeller  tip  speed).  Measurements  were  made  of  total 
lift,  propulsive  force,  pitching  moment,  and  power.  Since  the  original 
5-foot  platfom  was  underpowered  it  was  redesigned  into  a  7-foot  diameter 
vehicle  capable  of  developing  hi^er  thrust. 
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In  this  report  a  4ynanic  stability  analysis  is  performed  for  the 
7-foot  platformi  show  in  figure  2,  with  and  without  the  gyrobar  stabiliser 
system  and  with  earious  configuration  changes,  such  as  duct  section  and 
chord,  number  of  propeller  blades,  propeller  blade  pitch  setting,  s/kI 
clearance  between  tips  of  propellers  and  Inside  of  duct.  Ibe  st^ility 
derivatives  used  in  the  analysis  are  obtained  from  the  wind  tunnel  tests 
conducted  by  Hiller  Aircraft  Corporation  at  David  Taylor  Model  Basin 
during  the  period  of  June-September  195B;  the  results  of  those  tests  have 
been  published  in  Reference  3* 

Solutions  to  the  stability  equations  are  obtained  on  an  analog 
computer  with  a  pilot  control  step  input  and  a  horizontal  gust  pulse 
input  as  alternate  excitation  functions.  These  solutions  yield 
stability  characteristics,  such  as  period  of  oscillation,  damping  factor^ 
and  percent  overshoot.  In  addition,  the  stability  characteristics  for 
the  ship  are  examined  with  the  aid  of  vector  diagrams  and  stability 
boundary  charts. 
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2.  UST  OF  STM30LS 
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Lift-cunrt  flop#  of  gyrobar  paddlt,  nd**^ 

Lift-currt  alopo  of  propallar  bladoi  rad'^ 

Lift-curve  alope  of  alipatream  vane,  rad*^ 

2 

Planfom  area  of  one  gyrobar  paddle,  ft 

2 

Planfom  area  of  one  alipatreat  control  vane,  ft 
(there  are  2  vanee  each  for  pitch  and  roll) 

Total  nunber  of  propeller  blades 

Mean  chord  of  propeller  blade,  ft 

Center  of  gravity  of  platfom  and  pilot 

Propulsive  force,  positive  forward,  lbs  (see  Sketch  1) 

Gravitational  acceleration,  (32.2  ft/sec  ) 

Total  noBont  of  inertia  in  pitch  of  platform  and  pilot 

2 

about  center  of  gravity,  lb  ft  sec 

2 

Total  moment  of  inertia  of  one  gyrobar  about  its  pivot,  lb  ft  sec 


Propulsive  force  coefficient,  - - — w 

^  p(2R)  nr 

k.  Lift  coefficient,  - 1 — w 

^  p(aR) 


Ic,  Pitching  moment  coefficient,  - n — ^ 

^  p(2R)‘^nR^ 


Speed  stability  derivative  in  forward  flight,  - n — *• 

^u  p(2R)‘^nR^ 
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t  Axial  dlatanca  trom  the  center  of  gravity  (poaitlve  in 
direetlon  of  ellpetreaii),  ft 

tf.  Distance  froii  shroud  trailing  edge  to  center  of  gravity,  ft 
(see  Sketch  2) 

Distance  fron  shroud  leading  edge  to  center  of  gravity,  ft 
(see  Sketch  2) 

Axial  cosponent  of  shroud  chord,  ft  (see  Sketch  2) 

Distance  free  aerodynamic  center  of  slipstream  vane  to 
^  shroud  trailing  edge,  ft  (see  Sketch  2) 

L  Total  lift,  lb  (see  Sketch  1) 

M  Pitching  ROffent  about  center  of  gravity,  lb  ft  (see  Sketch  1) 

n  Linkage  ratio  bet^en  pitch  vane  angular  displacesent  and 

gyrobar  longitudinal  tilt,  vane  deflection/gyrobar  tilt 

P  Power  required,  lb  ft/sec 

R  Propeller  radius,  ft 

R  Radius  of  center  of  lift  of  gyrobar  paddle,  ft 
S 

t  Tljne,  sec 

u,v  Perturbation  velocities  along  the  x  and  z  axes,  ft/sec  (see  Sketch  1} 
n,y  Perturbation  velocities  divided  by  equllibrivun  forward  velocity 
S  Perturbation  velocity  divided  by  tip  speed 

V  Average  axial  velocity  in  the  duct,  ft/sec 
a 

V  Forward  flight  velocity,  ft/sec 
W  Dross  weight,  lb 

x,z  Stability  axes,  fixed  to  the  platform  (see  Sketch  1) 

X,Z  Forces  in  x  and  z  directions,  lb 

p  Propjeller  blade  pitch  setting  at  0.7  radius  station,  deg 
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Y  Platfont  anglt  of  attack,  zero  if  platfom  canter  llna  (propallar 
axis)  la  parpandicular  to  flight  velocity,  positive  if  platfom 
Is  tilted  to  the  rear,  (see  Sketch  1} 

In  steady  level  flight  y  angle  between  vertical  and 

propeller  axis 

6  Perturbation  displacenent  in  fore*aft  tilt  of  gyrobar  tip  path 
plane,  positive  if  tip  path  plane  is  tilted  to  the  rear,  rad 

LV 

e  Forward  flight  efficiency, 

0  Perturbation  in  platfom  attitude,  rad  (see  Sketch  1) 

y 

X  Advance  ratio,  ^ 

p  Average  duct  axial  velocity  divided  by  forward  flight  velocity 

p  Density  of  air,  assiaeed  0*CX)238  slugs/ft^ 

be 

o  Solidity  of  the  propellers,  ^ 

W 

T  Maas  coefficient,  sec 

gp(CR)T«'^ 

T  Propeller  blade  azinuth  angle  measured  from  rear  position  in 
direction  of  rotation,  rad 

S  Propeller  shaft  angular  velocity,  sec”^ 

Subscripts 

Quarter-chord  of  duct 

u,  w,  0,  etc,  indicate  etc. 

Superscript  dot  indicates  the  time  rate  of  change  of  the  variable 


COffnCUHATIOS  HOTAHOM 

Duct  Ko.  1,  Modified  HACA  61i21  profile  (see  Table  1) 

Duct  Ko.  2,  KACA  0018  profUe  (tee  Table  2) 

D^  Duct  No«  3»  Modified  lemiecate  profile  (tee  Table  3) 

0^  IXict  Ko.  h,  Modified  KACA  61i21  profile,  0.6  chord  of  D^  (eee  Table  It) 

HB  Indicates  presence  of  simulated  platform  engines  and  pilot  on 
vind'tunnel  model 

2-bladed  tvisted,  contra-rotating  propellers  (see  Tables  $  and  6) 

3*bladed  tvisted,  contra-rotating  propellers  (see  Tables  $  and  6) 

4R  Indicates  that  average  clearance  (O.OO36R)  between  duct  and 
propeller  tips  has  been  doubled 

V.  Indicates  presence  of  exit  vanes  at  zero  deflection  angle  with 
duct  axis 


3.  THE  BWATI0J6  OF  MOnCMJ  OP  THE  PUTPORM 


For  th«  inveotigation  of  the  djmwtlo  character istlca  we  use  a  right- 
handed  tyslm  of  axea  which  is  fixed  to  the  platform  and  has  its  origin 
at  the  00  of  the  manned  aircraft.  This  systm  of  axes,  generally  referred 
to  as  "body  axes",  is  oriented  in  such  a  way  that  the  positive  x-axis 
falls  in  the  direction  of  the  initial,  undisturbed  flight  velocity.  For 
the  investigation  of  the  longitudinal  dynamics  in  forward  fli^t  both  the 
X-  and  z-axis  lie  in  the  longitudinal  plane  of  symmetry  where  the  positive 
direction  of  z  is  down,  see  Sketch  1. 

The  undisturbed  flight  condition  is  characterized  by  the  velocity  V 
and  the  attitude  y  of  the  platform  with  reference  to  the  vertical.  By 
definition,  y  is  positive  if  the  ship  is  tilted  to  the  rear.  In  forward 
flight  the  platform  must  be  tilted  forward,  therefore  normal  forward 
flight  occurs  at  negative  y-valuee.  For  level  forward  flight  the  attitude 
or  pitch  angle  y  is  identical  with  the  platform  angle  of  attack. 

The  three  degrees  of  freedom  considered  are: 

u  translational  perturbation  velocity  in  direction  of  x 

w  translational  perturbation  velocity  in  direction  of  z 

0  angular  disturbance  in  the  attitude  of  the  platform 

The  corresponding  equations  of  motion  are: 

lx  -  0 

Iz  •  0 

Ih  •  0 

By  definition,  the  x-axls  is  given  by  the  direction  of  the  Initial  un¬ 
disturbed  flight.  Therefore,  the  translational  velocity  disturbance  u  changes 
the  magnitude  of  the  relative  speed  but  not  the  angle  of  attack  of  the  plat¬ 
form.  On  the  other  hand,  provided  that  the  disturbances  are  small,  the  trans- 
lationil  disturbance  w  changes  the  platform  angle  of  attack  but  not  the  magni¬ 
tude  of  the  relative  velocity.  As  it  is  convenient  to  introduce  the  platform 
advance  ratio  X  ■  V/SR,  wo  can  summarize  the  aerodynamic  effects  of  the  dis¬ 
turbances  u  an  w  as  follows: 

u  results  in  a  change  dX  of  the  advance  ratio 

dX  ■  u/2R 

w  results  in  a  change  dy  of  the  platform  angle  of  attack 

dy  ■  w/V  . 
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All  quantities  shown 
are  positive. 


The  angular  attituda  dliturbanca  Q,  as  such,  does  not  affect  the  aero- 
dynanlc  forces.  It  vlll  be  shown  lateri  howoTer,  that  its  rate  of  change 
(d  •  pitching  Telocity)  has  a  pronounced  effect  on  both  the  X-force 
and  the  pitching  nosent  M. 


As  there  is  no  direction  of  undisturbed  fll^t  in  hovering,  the  choice 
of  the  direction  of  axes  becones  soaewhat  arbitrary.  For  conTenlence,  we 
choose  as  s-axis  the  propeller  axis,  positive  down;  and  as  x-axis  the  nomal 
to  the  a-axls  in  the  longitudinal  plane  of  synaetry,  positive  in  the  direction 
of  conrentional  forward  flight.  As  discussed  previously,  the  systea  of  axes 
is  fixed  to  the  aircraft.  For  sywaetry  reasons,  ■  0  and  the  three 

equations  of  notions  are  no  longer  coupled.  As  any  translational  disturbance 
in  the  direction  of  z  Is  dasqjed  (Z^<  0),  wo  can  restrict  ourselves  in  hovering 

to  the  degrees  of  freedom  u  and  0,  i.e.,  to  the  equations  for  the  equilibrium 
of  X'forces  and  pitching  moments:  (see  also  Ref.  h) 

Xu-Hfi.wO  +  Xii-O 

u  g  d 

MyU  ♦  -  I  e  -0  (1) 

where 

V  is  the  gross  weight  of  ship 

I  is  the  total  moment  of  inertia  in  pitch  about  the  CO  of  the  aircraft 

Xu#  X^,  M^,  are  the  partial  derivatives  of  the  X-forco  and  pitching 
m<»aont  with  respect  to  u  and  6. 

The  gyrobar  stabilizer  system,  with  the  longitudinal  component  of  the  gyrobar 
angular  deflection  fi,  increases  by  one  the  number  of  degrees  of  freedom.  Con¬ 
sidering  the  effect  of  feedback  in  the  gyrobar  system  to  be  negligible,  the 
simplified  equation  of  motion  of  the  bars  is  (see  Ref.  $) 

0  ♦  K26  ♦  -  0  (2) 

where  K  is  the  specific  danping  of  the  gyrobar  and  2  its  angular  velocity. 

The  cross-coupling  between  pitch  and  roll  in  the  gyrobar  system  has 
been  investigated  and  found  to  be  quite  small  (in  the  order  of  one  percent 
of  the  control  application)  for  the  expected  platform  frequencies  of  3 
radians  per  second  or  less.  The  gyrobars,  by  actuating  vanes  in  the  pro¬ 
peller  slipstream,  add  aerodynamic  feedback  terms  Xg6  and  M,6  to  the  platform 
equations. 


( '• 


1 


I 

1 

1 


Ihuf,  the  platfom  with  sUbilizer  le  chtrACUrized  bj  the  follovinf 
•et  of  equations t 


XyU  -  H  ti  -  WO  ♦  ♦  Xg6  •  0 


MyU  ♦  -  I  8  ♦  M56 

■  0 

6  ♦  tat  ♦  A 

•  0 

(3) 

In  order  to  facilitate  handling  of  the  non-dlaenslonal  aerodjmanlc 
stability  derlratlves  that  will  be  obtained  fron  the  wind  tunnel  tosts 
of  Reference  3*  It  Is  convenient  to  non-dlisenslonallze  the  equatims. 

2  2 

This  will  be  accoi^llshed  by  dividing  all  forces  by  p(fiR)  tA  and  all 

2  3 

noMnts  by  p(fiR)  .  In  so  doing,  the  set  of  equations  becoiies 


k.e  ♦  k_  6  ♦  k-  6  •  0 
L  Ij  TCj 


V  •  V 


-  0 


6  ♦  KWb  ♦  6 


-  0 


(M 


where  u  has  been  made  non-Kllnenslonal  by  dividing  by  the  propeller  tip 
speed,  i.e., 

3.2  Forward  Flight 


I 

I 

I. 


The  equations  of  motion  in  the  longitudinal  plane  for  forward  flight 
express  the  equilibrium  of  forces  in  the  x  and  z  directions  «id  of  pitch¬ 
ing  moments  about  the  center  of  gravity.  For  level  flight  these  equations 
are. 


X  u 

—  u 

♦  X  w  -  WO  +  ♦  X.6 

-  0 

u 

g 

w  0  6 

Z  u 

*  Z  w 

-  0 

u 

w 

g  g 

M  u 

♦  M  w 

♦  MrO  -  I  0  ♦  M-6 

-  0 

u 

w 

0  6 

6  4 

K26  ♦ 

6 

-  0 

(5) 
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The  lut  of  these  equations  is  again  the  sijipllfied  eqoatim  of  notion 
for  the  gyrobar  stabiliser. 

Kon-diaens tonal ized  as  in  hovering,  the  equations  becoM 


V  ‘  V  *  V  * 

k-  ft  -  0 
*6 

V* 

•  0 

V^V'S*'*^**  V 

-  0 

6  ♦  Kfifi  ♦  d 

-  0 

where  u  and  w  have  been  made  non-dlaenslonal  by  dividing  by  the  forward 
velocity,  i.e.,  0  • 

Equations  (h)  and  (6)  now  represent  the  equations  of  notion  In  the 
longitudinal  plane  for  a  b-degree  of  freedon  systen  synbollslng  the  plat- 
fom  with  the  gyrobar  stabilizer.  Note  that  in  the  hovering  case  the 
nus^er  of  degrees  of  freedoa  is  reduced  by  one.  The  renalnder  of  this 
report  Is  coiKerned  with  the  determination  of  the  required  derivatives 
and  the  subsequent  solution  of  these  equations. 
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U.  AZRODTIJAHIC  STABIUTT  OSilVATIVES 


In  this  itoiion,  •xpresiions  vill  bt  pr«feni«<l  for  the  lerodljrnMle 
derivatives  required  in  the  solution  of  the  equations  of  notion. 
Ihe  derivatives  are  divided  into  two  groups;  derivatives  obtained  directly 
froo  the  wind  tunr^l  data  of  Reference  3  end  those  for  which  xathe::iatical 
ex];nressions  involving  the  data  are  to  be  developed. 

The  derivatives  of  the  first  group  involve  only  the  aerodynanic  forces 
and  the  pitchlr^  nonent  of  the  platfom  and  are  easily  found,  frcei  Sketch  1, 
to  be 


*u  ■  H  ^ 

J  (I  ♦  F^) 

(7) 

These  terns  are  assumed  constant  for  the  duration  of  a  disturbance,  their 
values  being  those  securing  in  the  initial  equilibrium  condition. 

Equations  (7)  are  non-dinensionalized  and  the  resulting  coefficients 
for  use  in  equations  (h)  and  (6)  become 


I 
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S.’\ 

(e) 

uhtrt  thi  terne  or.  the  right  are  obtaijted  directly  fro<i  the  vlnd  tunnel 
data  curves.  It  should  be  noted  that  In  the  wind  tunnel  data  curves, 
Reference  3>  the  platfora  angle  of  attack  a  It  by  definition  poaitivo  If 
the  platform  it  tilted  forward,  1.  e.,  r  * 

The  derivatives  of  the  second  group  are  the  dating  terms,  and  k^, 


and  the  gyrobar  feedback  terms,  k,  and  k  .  The  latter  represent  the  forces 

*6  *6 

and  notaents,  respectively,  generated  by  the  control  vanes  due  to  the 
automatic  control  input  6.  In  the  following  paragraph  the  damping  terns 
k„  and  k.  will  be  derived. 

A  pitching  velocity  ©  about  the  CC  of  the  aircraft  affects  the  equi¬ 
librium  of  forces  «id  moments  due  to 

a)  the  change  of  momentum  of  the  fluid  at  the  duct  inlet 

b)  the  Coriolis  forces  generated  by  ^he  fluid  during  its 
passage  through  the  duct 

c)  forces  caused  by  changes  in  the  angle  of  attack  of  propeller 
blade  elements. 

7he  first  two  are  mass  forces,  the  latter  is  of  an  aerod>Tiainic  nature. 

Change  of  Momentum  at  Duct  Inlet 


If  V  denotes  the  me.in  axial  velocity  of  the  fluid  through  the  duct 
a  2 

(assumed  to  be  cylint'»  lcal),  the  mass  flow  per  second  amounts  to  ptiR  v  . 

The  change  in  velocity  due  to  a  pitching  velocity  0  at  the  duct  inlet  is 
(see  Sketch  2).  The  force  generated  by  this  momentum  change  is 


X-  •  -  pnR  V 
1  a  1 


As  this  force  acts  at  the  duct  inlet,  the  resulting  pitching  moment  about 
the  CO  becomes 


-  -  pTtR  v^«j  6 


111 


f, 


I 

f 
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b)  CorloUf  fcTC9B 

Th«  eleatnlAl  CoriollB  force  exerted  b/  the  duct  flow  on  the  ring 
of  depth  dt  is  giren  by  twice  the  product  of  the  axial  Telocity  t^,  the 

pitching  Telocity  d  and  the  iiass  da  contained  within  the  ring  at  a^y 
instant,  i.e., 


dX2  •  -2t^6  da  ■  -  2T^6pnR^d/ 
Integration  OTer  the  shroud  giTes 

X2  -  -  2T^6prR^  /  d^  -  -  2T^QtiR^/2* 

^1 

The  pitching  monent  generated  by  the  force  dX2  is 
dM  -  dX2  •  « 

■  -2t  dt 

4 

Integration  over  the  shroud  length  gives 


I 
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1 


ll-l 


2  r° 

-  2t  itifC  /  t  dt 

4 

-  -  <1^1 


c)  ATOdjnaaic  Propeller  Forcci 

For  the  calsulatlon  of  the  lerodjmaelo  forces  due  to  a  pitching 
Telocity  ve  replace  the  tvo  contra-rotating  propellers  by  a  hypothetical 
single  propeller  having  the  sane  total  nuiber  of  blades.  It  is  further 
aasuaed  that  the  propeller  oeciUates  about  an  axis  which  passes  through 
its  center,  l.e.,  the  translational  velocity  due  to  a  pitching  velocity  d 
about  the  (Xi  is  neglected.  As  the  ducts  used  are  relatively  short,  for  a 
first  approxlaation  it  nay  be  assuned  that  the  propeller  blade  angle  of 
attack  changes  are  identical  with  those  of  an  open  propeller. 

For  a  blade  elesent  dr  at  a  radius  r  and  an  azlAuth  rasition  T  the 
change  in  angle  of  attack  due  to  pitching  velocity  d  is  r^osT/rfi 
*  cos  T  •  (d/S).  The  resulting  eleaental  pitching  aonent  anounts  to 

dMj  -  -  c(fir)^r  |  «p  5  cos^T  dr 

For  a  total  of  b  number  of  blades,  integration  over  rad 'us  and  azbnith 
gives 


2n  R 


2  3 

cos  T  r  dT  dr 


Summation  of  the  various  components  finally  leads  to  the  following  expressions 
-  -  pnR^v^(/^  *  2 


-  -  PTIR  v^(«Q  ♦ 


-  -  ptiR^^fo^  ♦  ^  opap(2R)TiR^ 


I 


In  non-diMcne tonal  fom,  tho  afeoTo  equationa  ainpllfy  to 


If  tha  itoan  axial  Ttlocity  la  not  known,  Its  ralua  can  be  calculated 
froA  noaentUA  theory,  which  atatea  that  for  hovering  flight 

2  2 

Thruat  ■  prtl 

For  forward  flight  conditlona  it  la  convenient  to  write 

%  •  uV  (17) 

Vlhere  ^  la  a  non-dlnena tonal  quantity  which  can  again  be  calculated  f^oA 
noAontun  theory,  (aee  Ref.  6).  From  thia  reference  the  equation  in  \i  may 
bo  written: 

11^(1  *  ^y)  ♦  ii^f^  ain^Y  "  J 

♦  J  9in\  (18) 

2k, 

Thua,  with  Cj^  ■  — and  an  internal  drag  coefficient  f^^  ■  .08,  aa  auggeated 
X 

In  the  above  referencei  the  equation  becomes 

k  2 

p^(.92l6  -  ain^)  ♦  ii^(.08  ain^y)  -  -  -0016  ain^y  •  0  (19) 

2 

For  anall  X,  it  ia  found  poaslble  to  ignore  the  \i  tern  and,  hence,  obtain 
the  following  approximate  equation 
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t 


x“(coe  Y  -  .078li). 


vhert  the  Ttlute  of  k^,  y  X  are  obtained  fron  the  wind  tunnel  test 
daU  (Ref.  3). 

The  gyrobar  feedbick  tenu,  k.  and  k  ,  result  froa  the  aerodjmacdc 

*6  ”6 

force  and  nonent  exerted  on  the  venea  vhic^  are  actuated  the  g/robar. 

It  should  be  noted  that  bj  definition  the  rane  displaceaent  **  n6,  where 
a  positive  gjrrobar  deflection  6  generates  a  positive  X-force  and  a  positive 
pitching  aonent  M. 


Thus» 


^6  (wn?  ^6 


'o*  <3 


Equations  (8),  (15)  and  (21)  represent  all  the  aerodynanic  stability 
derivatives  required  for  the  solution  of  the  equations  of  notion  (eqs.  h 
and  6).  The  physical  dinensions  and  mass  properties  of  the  7*foot  platform, 
also  necessary  to  the  solution,  will,  of  course,  depend  upon  the  exact 
configuration  chosen  for  the  djimnic  analysis.  Several  configurations  will 
be  studied  in  this  report  and  their  selection  will  be  considered  in  the 
next  section. 
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5.  SgLBCnOM  OF  COWFIOlgtATIOKS 

For  the  i^sent  study,  conriguretione  exhibiting  a  coid>ination  of 
^all  aerodynanio  motmU  in  forward  flight  equilibriun  coupled  with 
high  effioienciee  in  both  hovering  and  forward  flight  are  of  prinary 
interests  On  this  basis,  a  selection  of  configurations  to  be  analysed 
will  be  Made  using  the  wind  timnel  date  of  Reference  3* 

Wind  tunnel  and  static  tests  were  conducted  on  four  ducts  of  2.0 
foot  dlaneter  in  coMbination  with  three  different  sets  of  contra-rotating 
adjustable-pitch  propellers.  In  addition,  vanes  Mounted  in  the  sllpstreaM 
and  centerbodies  of  the  type  used  in  flying  platfoms  were  investigated. 

A  More  detailed  dsscription  of  the  nodel  and  coMponcnts  is  given  in  Tid)les 
1  through  6. 

The  node!  was  tested  at  advance  ratios  of  0,  0.05,  0.10  and  0.15  for 
varloitf  tilt  angles  and  propeller  blade  settings  sufficient  to  cover  the 
naxiMua  efficiency  conditions  for  each  configuration.  Keasure»ents  were 
made  of  the  total  lift,  propulsive  force,  pitching  Rcwont  and  power  and 
the  data  are  presented  in  the  form  of  coefficients  baaed  on  propeller  tip 
speed,  duct  area  and  propeller  radius. 

In  order  to  correctly  represent  the  Manned  7-foot  platfora,  it  was 
necessary  to  apply  corrections  to  the  data.  The  vanes  and  the  center- 
bodies  Mentioned  above  were  investigated  only  for  one  duct  and  were  not 
tested  sinultaneously.  Therefore,  corrections  in  the  force  and  aoRent 
coefficients  were  nade  to  all  configurationa  for  sioulation  of  the  pilot 
and  engines  of  the  platform  and  for  the  slipstrear  vanes  at  zero  deflec¬ 
tion  angle,  when  applicable.  The  corrections  applied  for  pilot  and  engines 
(without  vanes)  were 


0 

•  -.0005 

Akj.  •  0 

■ 

o 

.05 

-.0005 

-.00025 

.0001 

.10 

-.0005 

-.00075 

.0006 

.15 

-.0005 

-.0010 

.0006 

The  corrections  for  pilot  and  engines  and  sllpstreain  vanes  at  zero 
deflection  angle  were 
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0 

-  -.0010 

Akp  •  0 

0 
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.05 

-.0025 

-.00125 

.0006 

.10 

-.0005 

-.00275 

-.0009 

.15 

.0015 

-.0010 

-.0001 

A  eorr«otion  vu  also  appliod  to  the  data  plots  of  sonant  versus 
advance  ratio  due  to  the  presence  of  extraneous  neasured  nonents  at  zero 
advance  ratio.  These  monent  curves  were  reduced  by  a  constant  asjunt  equal 
to  the  value  neasured  at  zero  advance  ratio.  The  hovering  efficiency,  or 
figure  of  merit,  for  the  corrected  configurations  is  listed  in  Table  7  and 
the  corrected  equilibrium  plots  of  forward  flight  efficiency,  tilt  angle, 
lift  and  iioiient  coefficients  versus  advance  ratio  are  shown  in  Figures  3 
through  18. 

After  conparing  the  corrected  data,  it  was  decided  to  investigate 
the  dynamic  responses  of  all  four  ducts  with  primary  ei^hasis  of  study 
upon  the  open  'bell-nouth'  Duct  3»  because  it  developed  the  highest 
efficiencies  iji  hovering  and  in  forward  flight.  The  three*bladed 
propeller  is  considered  throughout  the  program,  except  for  one  configu¬ 
ration  of  Duct  3  with  a  two-bladed  propeller.  This  choice  was  deteridned 
by  the  questionable  reliability  of  the  two-bladed  propeller  test  data  and 
the  sparseness  of  data  on  the  untwisted,  constant  chord  propeller. 

Several  blade  pitch  settings  have  been  selected  for  each  configuration, 
as  no  single  pitch  setting  is  optioun  in  regard  to  both  efficiencies  in 
hovering  and  forward  flight  and  aerodynamic  moments.  In  general,  maximum 
efficiency  in  hovering  occurs  at  a  pitch  setting  of  approximately  15  to  16° 
at  0.7  radius  station.  Maximum  efficiency  in  forward  flight  occurs  at  the 
lower  pitch  settings,  and  minimum  moments  at  higher  pitch  settings. 

The  configurations  selected  for  dynamic  studies  are 

1)  Duct  modified  lemniscato  or  'bell-mouth'  section  with 
3-bladed  propeller  at  blade  pitch  settings  of  12,  16  and 

2Ji®,  with  and  without  gyrobar  stabilizer.  Notation  - 
D^PyfB  and  D^P^HB  Vq 

2)  Duct  3  with  3-bladed  propeller  but  with  twice  the  normal 
clearance  between  propeller  tips  and  inner  duct  surface 
(normal  clearance  -  .OO38R)  at  blade  Ditch  settings  of 

12  and  18°.  Notation  -  D^P^HB  AR 


I 
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3)  Duct  3  vlth  2*bl«dcd  prop«Uer  at  blada  pitch  acttijie  of 
12®.  Kotation  -  D^P^HB 

Ij)  Duct  li  Rodlfiad  NACA  62j21  section  vith  3*bladed  propeller 

at  blade  pitch  settings  of  12  and  iS®,  and  vith  gsrrobar 

stabilizer  at  blade  pitch  setting  of  12®.  Kotation  •  D.P.H3 
and  DjP^HB  Vq  ^  ^ 

5)  Duet  2i  N'ACA  0018  section  with  l-bladed  propeller  at  blade 
pitch  settings  of  12  and  18®.  Kotation  -  02P^HB 

6)  Duct  li:  of  section  as  Duct  1  but  with  0.6  chord  of 
Duct  1  vith  3-bladed  propeller  at  blade  pitch  settings 

of  12  and  18®.  Notation  - 

7)  Unducted  3*bladed  propeller  at  blade  pitch  settings  of 
12  and  18®.  Kotation  -  P^HB 


The  physical  dinensions  and  mass  properties  of  the  7-foot  platform  for 
the  above  configurations  are  listed  in  Table  8.  The  lift  coefficient,  tilt 


angle,  and  the  derivatives  k.  ,  k.  , 


Ic-  ,  and  k.  were 
Y 


obtained  from  the  corrected  wind  tunnel  data  for  the  configurations  listed 
above,  at  equilibrium  conditions  (kp  ■  0)  for  3  or  ij  advance  ratios.  It 

should  be  noted  that  the  accuracy  of  the  derivatives  has  suffered  from  the 
limited  number  of  test  points  (3  or  li),  the  accuracy  of  the  test  data 
(±  5  to  10X)i  the  moment  correction  at  zero  advance  ratio,  and  the  corrections 
applied  for  the  pilot,  engines  and  vanes. 


The  moment  coefficient  data  from  the  wind  tunnel  tests  were  transferred 
to  the  25$  shroud  chord  position,  so  the  following  relations  are  necessary 
to  obtain  the  moment  coefficients  about  the  center  of  gravity  of  the  platform: 


sin  Y 


^I.25«2 

cos  Y 


(22) 
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V«  now  have  all  the  infornation  neceaaary  to  obtain  the  aerodjmaaic 
stability  coefficients  (Eqs.  6,  1$  and  21)  and  to  perfom  the  djnanic 
stability  analysis.  Table  9  lists  all  the  configurations  selected,  the 
flight  conditions,  and  the  corresponding  nunerieal  values  of  the  coefficients 
and  inputs  for  the  equations  of  notion,  with  a  case  ntaiber  assigned  to  each 
situation  investigate. 

It  was  also  decided  to  study  Ducts  1  and  3  in  nore  detail  by  varying 
the  foUoving  nass  and  aerodynanic  naraneters  fron  their  true  values. 

These  variations,  as  noted  In  Table  9  srei 

1}  1  20^  in  gross  weight 

2)  1  50f  in  pitching  roaent  of  inertia 

3)  1$.5>S  decrease  (low  CO)  and  19. 5)^  increase  (high  OG) 
in  the  height  of  the  center  of  gravity  above  the  duct 
lip,  corresponding  to  the  practical  linits  of  the 
height  of  the  pilot  staid  on  the  platform 

1)  1  50J6  in  rotary  damping  coefficient 

5)  ♦  in  speed  stability  coefficient 

6)  ♦  50$  in  angle-of -attack  stability  coefficient 

Responses  to  either  a  pilot  control  step  input  in  nose-down  moment  of 
25  ft-lbs  or  a  horizontal  gust  velocity  pulse  input  of  50  ft /sec  for  1 
second  were  obtained  on  an  analog  computer  for  the  cases  described  in 
Table  9,  and  the  results  will  be  discussed  in  the  next  section. 
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6.  DISCUSSIO?!  OF  RESULTS 


Tht  •quations  of  notion  of  thf  fljing  platfonn  were  solved  at 
Electronic  Associates  Conputation  Center  in  Los  Angeles  on  their  ex¬ 
panded  16-3LR  analog  conputer.  An  X-Y  Plotter,  10  x  15  inch,  was  used 
to  record  the  tine  history  of  the  pitch  angle,  and  a  Six-Channel  Brush 

Recorder  was  utilised  to  record  the  tine  histories  of  0,  0,  ^  and  6 

in  the  hovering  condition  and  0,  and  6  in  level  forward 

flight.  The  tine  histories  as  obtained  by  the  X-T  plotter  are  presented 
in  Figures  19  through  7ii  with  the  characteristics  of  the  most  unsti^le 
node  in  the  tine  histories  given  in  Figures  75  through  96.  These  charac¬ 
teristics  include  the  damping  factor  (defined  as  the  real  part  of  the  root 
of  the  Host  unstable  node,  with  the  sign  changed),  period  of  oscillation, 
and  percent  overshoot.  The  period  cannot  be  given,  of  course,  if  the 
notion  is  aperiodic,  and  the  percent  overshoot  is  not  given  if  the  notion 
is  unstii^le. 

Duct  3i  simulating  the  present  full-scale  ship,  has  been  studied  in 
taost  detail.  In  the  hovering  condition  (Fig.  75),  it  is  seen  that  a 
definite  unstable  oscillation  exists  with  mall  increases  in  the  dwiping 
factor  and  period  at  the  higher  pitch  settings.  Also  shown  in  this  figure 
are  the  increase  in  danping  and  period  with  increase  in  propeller  tip 
clearance,  and  the  decrease  in  damping  with  the  two-bladed  propeller.  As 
the  advance  ratio  increases  (Fig.  76),  the  characteristic  notion  of  Duct  3 
soon  becones  divergent.  The  effect  of  increasing  the  gross  weight,  with 
constant  moment  of  inertia  and  center  of  gravity  location,  is  to  decrease 
the  damping  in  both  hovering  and  forward  flight  conditions  (Fig.  77).  An 
increase  in  moment  of  inertia  causes  an  increase  in  period  of  oscillation 
in  hovering  flight  and  an  increase  in  daji^^ing  in  hovering  and  at  X  ■  0.06 
(Fig.  75);  raising  the  center  of  gravity  location  produces  an  increase  in 
dffinping  factor  and  period  of  oscillation  in  hovering  and  a  decrease  in  the 
damping  factor  at  X  ■  0.08  (Fig.  79).  Figure  80  shows  the  linear  increase 
in  the  damping  factor  with  Increasing  .  An  increase  in  the  speed 

6 

stability  derivative  causes  a  decrease  in  damping  and  period  in  hovering 
and  a  slight  reduction  of  the  divergence  In  forward  flight;  an  increase  in 
the  positive  angle- of- at tack  stability  derivative,  i.e.,  a  decrease  in  static 
stability,  decreases  the  damping  factor  (Figs.  61  and  62). 

The  gyrobar  stabilizer  system  (Fig.  1)  provides  considerable  damping  in 
hovering  but  will  not  stabilize  the  divergent  motion  in  forward  flight. 
Figures  83,  8I4  and  85  illustrate  the  stability  characteristics  for  Duct  3 
at  pitch  settings  p  ■  12,  I8,  and  2h  degrees,  respectively.  In  general,  the 
damping  increases  and  the  percent  overshoot  decreases  with  increasing  gyrobar 
linkage  ratio,  the  period  decreasing  slightly  before  sharply  increasing.  The 
discontinuity  in  period  and  in  the  slope  of  the  damping  factor,  as  seen  in 
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Fieurts  63  And  65  i«  duo  to  the  ihifting  froA  one  node  of  oeeilletion  to 
another,  aa  detemined  by  the  definition  of  denping  factor.  Much  rariation 
in  the  stability  characteristics  is  attained  with  the  different  propeller 

pitch  settings I  the  snallest  orershoot  is  attained  vith  ^  •  12^,  the  naxinua 

daaping  la  obtained  for  p  ■  12®  when  Kfi  -  1,25  and  n  •  1.2]i,  for  p  •  I8® 

when  KS  •  2,00  and  n  >  1.5,  for  p  •  2li®  when  W2  ■  0.75  and  n  •  0,97,  In 
forward  flight,  the  stability  characteristics  were  sttKlied  only  for  Duct  3 

at  p  ■  12®  «)d  X  *  0.06  since  the  stabiliser  will  not  overcone  the  divergent 
notion.  It  is  seen  in  Figure  66  that  the  daaping  factor  increases  with 
either  an  increase  in  linkage  ratio  or  a  decrease  in  gyrobar  specific  danping. 


Duct  1,  of  nodified  NACA  6I42I  section,  has  also  been  studied  in  sone 
detail  for  possible  inprovement  in  the  platfom  st^ility  characteristics 
at  the  expense  of  a  loss  in  static  lifting  efficiency.  A  conparison  of 
Figures  67  and  66  with  Figures  75  and  76  shows  that  an  increase  in  daaping 
is  acconplished  with  Duct  1  in  conparison  to  IXict  3  in  hovering  and  at  low 
advance  ratios  for  the  same  propeller  pitch  setting,  while  a  decrease  occurs 
at  the  higher  advance  ratios.  It  is  also  seen  that  the  Inprovement  occurs 
over  a  large  range  of  X's  as  the  pitch  setting  increases.  Figures  69  and  90 
show  the  same  general  effects  as  for  Duct  3  (Figs.  77  and  73),  in  varying 
the  gross  weight  and  nonent  of  Inertia,  Raising  the  center  of  gravity 
increases  the  daepLig  factor  both  in  hovering  and  at  X  *  O.O8  over  the 
practical  range  of  CG  travel  (see  Fig.  91).  Variations  in  the  rotary  danp> 
ing,  speed  stability,  and  angle*of-attack  stability  derivatives  indicate 
the  sane  general  trends  for  Duct  1  (Figs.  92,  93  and  9h)  as  for  Duct  3 
(Figs.  60,  81  and  82),  with  the  exception  of  the  damping  factor  remaining 
independent  of  changes  in  the  speed  stability  derivative  at  X  ■  0.08.  It 
should  be  noted,  when  comparing  Ducts  1  and  3  for  the  effects  of  W,  I,  OQ, 

I  I  ^  ^  magnitude  of  the  damping  factor  was 


smaller  and  the  period  larger  for  Duct  1  In  hovering.  At  X  •  0.08,  however, 
the  magnitude  of  the  damping  factor  was  considerably  smaller  for  Duct  3. 

The  gsrrobar  stabilizer  system,  studied  only  at  propeller  pitch  setting  of 

12®  (Fig.  95),  provides  similar  trends  in  damping  and  period  as  a  function 
of  gyrobar  linkage  ratio  and  danping  factor  as  was  obtained  with  Duct  3  at 

a  pitch  setting  of  2li®  (Fig.  85);  the  overshoot  for  the  two  ducts  is  approx¬ 


imately  the  sane  at  p  ■  12®  (see  Figs  83  and  95). 


The  remaining  configurations.  Duct  2  of  NACA  0016  section.  Duct  of 
same  section  as  Duct  1  but  with  0.6  of  the  chord,  and  the  open  3-bladed 
propeller,  have  been  studied  briefly.  In  the  hovering  condition,  the  damp¬ 
ing  factor  and  the  period  of  oscillation  for  these  three  configurations 
(see  Fig,  87)  are  increased  in  conparison  to  Duct  3  (Fig.  75);  the  order  of 
damping  obtained  (maximum  damping  first)  is  Duct  1^,  Duct  2,  and  the  open 
propeller.  These  configurations  all  possess  decreased  damping  (or  increased 
divergence)  In  comparison  to  Duct  3  at  the  higher  advance  ratios  (see  Figs. 
76,  88  and  96). 


2h 


I 

I I 

p 


i 

E 

I 

I 


r 


I 


I 

I 

I 

I 

I 


In  ordor  to  get  •  better  feeling  for  the  verioue  nodes  of  notion 
involTsd  end  to  understand  the  effect  of  speed  and  the  gjrrobar  stabilizer 
on  these  nodes,  the  roots  of  the  frequencj  equation  were  calculated  for 
selected  cases.  The  results  are  sunnarized  in  the  foUcvlng  t^le,  which 
shows  the  rarious  nodes  of  notion  of  the  platfom  withovt  and  with  gjrobar. 
The  uncoupled,  danped  vertical  notion  in  hovering  has  been  onitteo.  Kor 
clarification  it  Is  stated  that 

convergence  neans  a  negative  real  root 

divergence  neans  a  positive  real  root 

danped  oscillation  neans  a  conjugate  conplex  root 

with  a  negative  real  part 

und(»^>ed  oscillation  neans  a  conjugate  conplex  root 

with  a  positive  real  part 


Configuration 

"light  Regime 

withe*.'  'vrobar 

with  gyrobar 

hovering 

1)  convergence 

dasqsed  oscillation 

\  ■  0 

2)  undamped  oscillation 

damped  oscillation 

forward  flight 

1)  small  .'o.sitive  real  root  indicating  onset  of  di”?rgence 

X  -  O.Oli 

(not  affected  by  gyrobar) 

2)  convergence 

daroped  oscillation 

3)  undamped  oscillation 

damped  oscillation 

forward  flight 

1)  critical  divergence,  not  affected  by  gyrobar 

X  -  0.08 

2)  convergence 

damped  oscillation 

3)  damped  oscillation 

damped  oscillation 

From  this  table,  which  is  considered  to  be  typical,  the  following  conclusions 
can  be  drawn.  The  gyrobar  has  the  tendency  to  change  a  convergence  to  a 
damped  oscillation  and  is  quite  effective  in  stabilizing  an  unstable 
oscillatory  mode.  The  reason,  of  course,  is  that  in  an  oscillatory  mode  its 
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output  signAl  logs  and  that,  thoreforo,  tht  naxlinm  autonatic  control 
application  occura,  tinaviao,  betvoan  tho  naxiiiuii  of  tha  perturbation 
angle  0  amd  the  naxljim  of  the  pitching  velocity  Thie  neana  that  In 
an  Cecil  lately  node  the  gyrobar  applies  both  a  control  input  in  phase  with 
the  attitude  and  in  phase  vith  the  rate  of  change  of  attitude  and  fulfills 
a  siailar  function  as  a  coid>ined  attitude  and  rate  gyro.  However,  the 
gyrobar  is  not  capable  of  coping  vith  a  divei^ence.  As  a  natter  of  fact, 
in  the  two  divergent  cases  listed  in  the  ti^le,  the  addition  of  the  gyrobar 
to  the  platfom  had  practically  no  effect  whatsoever  on  the  positive  real 
root  of  the  frequency  equation.  For  this  reason,  the  platfom  vith  and 
without  gyrobar,  develops  at  higher  speed  a  very  critical  divergence  ihich 
is  primarily  caused  by  static  instability. 


6.1  Graphical  Representation  of  Equilibrium  of  Pitching  Moments 


The  table  in  section  6.  shows  that  in  the  lower  speed  range  Investigated 
(X  from  0  to  approximately  O.Oti)  the  dominant  mode  of  motion  is  an  oscil> 
lation  which  may  be  either  increasing  or  decreasing.  As  any  convergences 
or  secondary  oscillations  (the  latter  happen  to  be  damped)  die  out  after  a 
certain  tiro,  there  exists  in  each  of  these  cases  one  dominant,  oscillatory 
mode  which  can  be  conveniently  represented  by  a  vecicr  diagram. 

There  is  a  separate  vector  diagram  for  each  eouation  of  motion  involved, 
whore  each  tern  in  the  equation  is  represented  by  a  vector  characterized  by 
its  length  and  i^ase  relationship.  All  vectors  rotate  with  the  same  angular 
velocity,  namely  the  frequency  of  the  oscillatory  mode.  Wo  restrict  our¬ 
selves  here  to  the  vector  presentation  of  the  pitching  moment  equation,  the 
reason  being  that  the  moment  derivatives  are  the  quantities  which  have  a 
major  effect  on  the  flight  characteristics  of  the  platform.  For  convenience 
the  0  vector  in  those  vector  diagrams  has  been  plotted  horizontally,  positive 
to  the  right  (see  Figs.  97,  98  and  100). 

These  figures  refer  to  the  dominant  oscillatory  modes  listed  in  the 
table  mentioned  above.  They  represent  the  undamped  oscillation  of  the 
platform  without  stabilizer  at  hovering  and  X  ■  O.Oli,  respectively,  and  the 
damped  hovering  oscillation  of  the  platform  with  gyrobar.  Figures  97  and  98 
refer  to  an  increasing  oscillation  and  Figure  100  to  a  decreasing  oscillation. 
It  nay  be  vK}rthuhile  mentioning  that  in  the  former  case  the  phase  angle 

between  a  vector  and  its  derivative  is  <  90°,  in  the  latter  case  this  angle 

is  >  90°  (see  also  Ref.  7). 

These  vector  diagrams  show  the  dominant  roll  of  the  tern  which,  for 

the  platform  without  gyrobar,  is  more  or  less  in  counterphase  with  the  moment 
of  inertia  tern.  The  picture  changes  if  the  gyrobar  is  installed  (see  Fig. 
100).  In  this  case  the  moment  of  inertia  is  in  counterphase  with  the  vane 
moment,  and  the  moment  d le  to  the  pitch  damping  is  in  counterphasb  with  the 
moment  due  to  the  perturbation  velocity  u. 
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If  a  divfr,’ence  occurs,  the  oscillatory  node  loses  ita  signlf loanee 
and  the  presentation  of  osciUatoiy  forces  and  nonents  in  a  vector  diagrsn 
becones  neaningloss.  Therefore^  in  Figures  99)  101  and  102  the  sign  and 
nagnitude  of  the  pitching  nonent  cofg;onents  in  a  divergence  have  been 
plotted.  These  figures  refer  to  the  high  speed  (X  ■  0.06)  divergence  of 
the  platfom  without  gyrobar,  to  the  onset  of  the  diver  gence  of  the  plat- 
forn  with  gyrobar  at  X  •  0.06  and  finallyi  to  the  high  speed  (X  ■  0,08) 
divergence  of  the  platfom  with  gyrobar.  Xll  nonents  shown  in  the  graphs 
increase)  of  course)  with  tine.  As  the  exponential  function  is  the  sane 
for  all  quantities  involved,  this  increase  can,  as  in  the  vector  presen¬ 
tation  of  the  oscillatory  nodes,  be  disregarded. 

For  the  high  speed  flight  conditions  at  X  •  0.08  (Figs.  99  and  102), 
Kore  or  less  all  quantities  are  of  the  sane  order  of  magnitude  and  there 
is  no  dominant  term.  The  picture  changes,  however^ at  the  onset  of  the 
divergence  presented  in  Figure  101.  There, the  nonent  of  inertia,  the 
pitch  damping  and  the  control  n^ent  due  to  automatic  vane  deflection 
becoM  less  important  and  the  dominant  opposing  quantities  are  the  aero- 
dynanic  pitching  moments  due  to  changes  in  angle  of  attack  and  speed. 


6.2  Stability  Boundaries 

In  the  following  section  Routh's  sti^ility  cirteria  have  been  used 
to  show  the  effect  of  the  principal  stability  derivatives  (m  the  cbmardc 
stability.  Stability  boundaries  as  functions  of  speed  stability  and  static 
(a/;i;le-of-attack)  stability  are  presented  in  Figures  103  through  105.  These 
figures  refer  to  the  configurations  previously  described.  Similar  curves 
showing  the  effect  of  static  stability  and  darling  in  pitch  are  shown  in 
Figures  106  through  106.  In  each  figure  two  curves  are  plotted.  The  solid 
lines  refer  to  the  platform  without  gyrobar  and  the  broken  lines  to  the 
platform  with  gyrobar  stabilizer.  Also  shown  as  two  distinctive  points  in 
each  figiu'o  are  the  actual  stability  derivatives  of  the  present  platform, 
again  with  and  without  gyrobar.  It  should  be  noted  that  the  difference  in 
the  speed  stability  derivative  of  these  two  configurations  is  caused  by  the 
slipstream  control  vanes  which  are  assumed  not  to  be  present  in  the  con¬ 
figuration  without  gyrobar.  These  vanes  result  in  a  negative  contribution 
to  the  speed  stability  derivative  Ic.  or  k„  ,  respectively.  As  this  effect 

of  the  vanes  increases  with  the  flight  velocity,  it  is  least  pronounced  in 
hovering.  Figure  103,  where  the  actual  platform  configurations  have  zero 
attitude  stability.  The  attitude  stability  derivative  k..  used  in  hovering, 

”9 

Figure  103,  is  defined  as 


whert  9M/?0  1«  tht  raU  of  ehango  of  th«  pitching  noiient  with  tho  plitfcm 
attitude  in  pitch.  A  positive  value  neana  static  instability  and  vice 

versa.  It  should  be  realized  that  such  an  attitude  stability  cannot  be 
obtained  by  aerodynanic  peans  but  requires  sone  type  of  attitude  gyro.  As 
can  be  seen  fron  Figure  103»  the  g7r<k>ar  has  the  tendency  to  shift  the 
stability  boundaries  towards  attitude  instability,  i.e.,  to  positive 
values. 


With  increasing  speed,  Figures  IQu  and  105^  the  actual  platfom 
beccmes  iiore  and  nore  statically  unstable  and  at  an  advance  ratio  of  • 

X  ■  0.00  both  versions  (with  and  without  gyrobar)  lie  in  the  unstable 
range.  Lynasdc  stability  generally  requires  a  high  degree  of  static 
stability  with  the  exception  of  a  hypothetical  pLatfom  equipped  with 
gyrobar  which  at  high  advance  ratios  also  has  a  certain  stable  range  for 
a  srnall  static  instability  coabined  with  relatively  large  positive  speed 
stability  derivatives,  Figure  105* 

With  regard  to  the  curves  in  Figures  106  through  106,  it  can  be 
stated  that  in  all 
sUbility  {ky  ,  ky^ 

a  stable  condition.  It  appears  thoreforo,  that  dynanic  stability  pri¬ 
marily  depends  on  appropriate  attitude  stability  (hovering)  or  angle-of- 
attack  stability  (forward  flight)  which,  unfortunately,  is  difficult  to 
obtain  without  "black  boxes". 


cases  a  proper  combination  of  attitude  or  static 
<  0)  and  effective  pitch  damping  (kj^<  0)  results  in 
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7.  CO?(CLUSIO?S 


Tht  analysif  CArritd  out  in  this  report  indicatts  the  effects  of 
posalblt  configuration  changes  upon  the  djmanic  stability  characteristics 
of  the  present  7*foot  flying  platforsi*  The  following  conclusions  are 
subject  to  the  lijiltations  on  the  quantity  and  accuracy  of  wind  tunnel 
test  data  available: 

1)  The  stability  characteristics  of  the  unstabilized  platfora 
with  the  present  duct  shape  (Duct  3)  &re  undesirable:  the 
notion  is  described  by  an  unstable  oscillation  in  hovering 
flight  condition,  and  by  divergence  in  forward  flight.  While 
the  naxinun  dai^ing  factor  occurs  at  different  pitch  settings 

as  the  advance  ratio  varies,  a  pitch  setting  of  roughly  18^ 
appears  to  give  the  best  overall  damping  characteristics  over 
the  investigated  speed  range. 

2}  The  gyrobar  stabilizer  systen  provides  sufficient  damping  in 
hovering.  In  forward  flight,  the  systen  will  not  stabilize 
the  divergent  notion  due  to  the  positive  angle-of-attack 
st^ility  derivative  (static  instability). 

3)  Duct  1,  of  Modified  HACA  6h21  section,  was  selected  for  a 
detailed  conparison  with  Duct  3*  While  some  inprovenent  in 
danping  in  hovering  and  at  low  advance  ratios  is  noted,  the 
characteristic  instability  refnains  and  the  static  lifting 
efficiency  is  considerably  less. 

h)  Duct  2,  of  NACA  0018  section,  Duct  h  of  sane  section  as  Duct  1 
but  with  0.6  of  the  chord,  and  the  unshrouded  propeller  con¬ 
figurations  are  all  accompanied  by  stability  characteristics 
similar  to  those  of  Duct  1. 
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ttEi  or  ouijuns 


Ltl*  lUdlJia  •  *175 


SlOM  of  lodlM  Tkni 
tad  at  Chord  •  3AO 


OHOID 

omt 

am. 

OKDDUTI 

0U>DUB 

X  (la.) 

'o  <*”•) 

0 

.okS 

.185 

.OJO 

.238 

.160 

.3U 

.270 

.365 

PSP 

.360 

.UL5 

w 

.»|0 

.L81. 

.720 

.532 

..»0 

- 1 

• 

•.168 

i.oao 

.581 

1.137 

.582 

m 

1.600 

.51*5 

S 

2.156 

.1*81* 

2.520 

.398 

— 

“■ 

Straight  Line 

Between  these  Points 

2.875 

.291 

- - - - - 

TAH2  S 


PHTSICAL  CHARACrcaiSTICS  OP  HOOEL 


DUCT 

1 

2 

3 

1| 

Kinlmuii  Inelde  Radius,  ft. 

1.00 

1.00 

1,00 

1,00 

KlnlMiA  Inside  Area,  sq.  ft. 

).lli 

3.U 

3.II4 

3.U1 

Chord  Length,  ft. 

.50 

.50 

.50 

.30 

Airfoil  Section 

NACA  Sha 
(Hod.) 

){ACA  0018 

Lemnieoate 

(Mod.) 

)lkCk  6b21 
(Hod,) 

Pr<^ller  Position,  in. 

5.13* 

5.13* 

2.S9i  li.08j 
5.13» 

3.08* 

Propeller  Tip  Clearance,  in. 

.obo 

,037  Fore  Prop. 
,076  Aft  Pn^. 

•OI46)  *088 

.039 

♦flomal  location  of  roar  propeller  reference  line 
(eee  Table  6)  from  duct  leading  edge* 


EXIT  VANE 

Nureber  of  vanes 

2 

Chord,  ft. 

.20 

Span,  ft. 

1.29 

Total  Area,  sq.  ft. 

.52 

Airfoil  Section 


Symmetrical  1$% 
Thickness  Ratio 


TA£LB  $  (cont.) 

mSICAL  CHARACTERISTICS  OP  MODEL 


CSOTER30DY 
DIamUr,  ft. 

Elaotrlo  Kotor  Housing  and  Ouw^  .L} 


Trananisslon 

•U) 

Hubs  and  Spinner 

.33 

ToUl  Length  for  Basic  Model, 

ft. 

2.83 

Total  Length  with  Dum^  of  EHectrio 
Motor  Housing,  ft. 

I1.66 

OuwiQr  Engines 

(See  Figure  3C) 

PHOPQiLERS  (Contra-Rotatini!) 

No.  of  Bladeb^Yopeller 

2  Tvisted 

3  Twisted 

3  Untwisted 

Section 

RAF-6 

RAP-6 

RAP-6 

t/c  at  ,7R 

.12 

.12 

.12 

“.7R’ 

l.U 

l.U 

I.I46 

('1.0R  «.2h) 

.55 

.55 

•55 

Maxirauin  Radius,  ft. 

.558 

.558 

.558 

SoUdity 

,U8 

.177 

.232 

HLade  Pitch  Angle,  deg. 

Variable 

Variable 

Variable . 

Distance  between 

Propeller  Planes,  in. 

i.5o 

1.50 

1.50 

*ABLE 


Jl'l 


—  Leading  Edge 

'lEV 

Reference  Line 

-Leading  Edge 

SIDE  vmi 


Trailing  Edge 


BlKio  MoUona  froo  20<  station  to  100^  ataUon  Incluoivo  an  lUF-6  airfoUi 
of  12^  thioknaea  ratio. 

BUd.  Station,  »^2o  y,  gp  ^  ^  e090  ir»i 

gad.  Chord,  in.  i.i.6  1.37  i.gy  i.u  i.oT~:;r:^ 

Blad.  lirtat,  da,.  [  i,;.So  ;a.30  21.20  17.(W  ll..ia  i2.„  10,^^ 

Onglatod,  coMtant  chord  blad.  fabrioat«Kl  using  th.  blad.  chord  and 
twiat  at  th.  30  percent  radiua  station  of  the  tiriated  blade. 


TABLE  7 


H07ERIHO  nnCIEMCIES 


Configuration 

j! 

Figtire  of  Merit 

DjPyfB 

12 

0.96 

18 

1.03 

2ii 

1.05 

D3P3HB  Vq 

12 

0.93 

18 

1.00 

2ii 

1.02 

D3P3HB  AR 

12 

1.00 

18 

0.98 

D3P2HB 

12 

0.95 

18 

0.88 

D3P3H3 

12 

0.69 

18 

0.71 

DjPjKB  Vg 

12 

0.62 

18 

0.68 

DjPjHB 

12 

0.65 

18 

0.75 

D^PjHB 

12 

0.6^ 

18 

0.63 

TABLE  8 

I  PHISICAl  CHAHACraiSTICS  OF  T-rOW  PUTTOW 

I 

■  tp  •  5.16  p«r  rad 

II  •  ii»3  par  rad 

I  A^  •  3.19 

g  ■  32.2  ft/atc^ 

*  2  2 

I  •  177  tlug-ft  for  Dj,  Oj,  Dj,  Dj^  and  II16  alug-ft  for  P,S 

|i  '0  •  “ 

-  1.28  ft  for  Dj,  Dj,  and  1.98  ft  for 

^2  ■  1*75  ft  for  Dj^,  Dji  and  1.05  ft  for  D|^ 

'  -  0.25  ft 

R  •  3.50  ft 

W  ■  565  lbs  for  Dj^,  Dj,  D^,  and  509  lbs  for  open  propeller 

(Pilot  weight  is  IRO  lbs  for  all  configurations) 
o  -  0.177  for  P^,  0.119  for  P2 


EXPUJfATIOKS  TO  TABLE  9 


1)  t  and  b  ara  the  coefflclenta  of  the  d  and  &  tema  in  the  gjrrobar 
equation  of  notion  and  are  either  both  equal  to  1  or  both  equal 
to  0,  indicating  presence  or  absence  of  Uie  gyrobar  stnbilizer. 

2)  and  are  the  respective  inputs  to  the  first  and  second  equations 

of  equation  groups  (L)  and  (6),  is  the  input  to  the  third  equation 

of  equations  (6).  The  input  to  the  gyrobar  equation  is  0  in  all 
oases.  The  letter  g  after  the  magnitude  of  I  denotes  a  rectangular 
pulse  input  beginning  at  t  ■  0  and  ending  at  t  •  1;  while,  in  the 
i^sence  of  g,  a  step  input  is  denoted. 

3)  The  notes  refer  to  the  variations  in  the  following  mass  and  aero* 
dynamic  parameters  from  their  true  values. 

1. )  «  201  in  gross  weight 

2. )  ♦  in  pitching  ncKient  of  inertia 

3. )  1$.5!C  decrease  (low  CG)  and  lp.$l  increase  (high  CG)  in  the 

height  of  the  center  of  gravity  above  the  duct  lip,  correspond¬ 
ing  to  the  practical  limits  of  the  height  of  the  pilot  staixl  on 
the  platform. 

li.)  ♦  50^  in  rotary  damping  coefficient 

5. )  ♦  5O5C  in  speed  stability  coefficient 

6. )  *  SO%  ii\  angle  of  attack  stability  coefficient 


*=  NAVY 


iflllMill 


r 


riOlEES  19  TO  7h 

I 


I 


ThM«  fi|;ur«8  ar«  copies  of  the  original  tine  histories  of  pitch 
angle  for  the  cases  listed  in  T^le  9,  obtained  vith  the  16-31R  Analog 
Conputer  and  X-7  Plotter.  It  should  be  noted  that  the  letters  X  and  R 
after  a  case  nui^er  denote,  respectively,  an  Incorrect  solution  and  a 
rerun  solution.  Extraneous  curves  and  aarks,  due  to  plotter  operation, 
should  be  ignored. 


FIGURE  21 ;  PITCH  ANGLE  RESPONSE  TO  CONTROL  MOMENT  STEP  INPUT 
FOR  CASE  NOS.  9,  10,  11,  12 


FIGURE  28:  PITCH  ANGLE  RESPONSE  TO  CONTROL  MOMENT  STEP  INPUT 
FOR  CASE  NOS.  28,  29,  30 


.E  RESPONSE  TO  CONTROL  MOMENT  STEP  INPUT 


lOS.  37,  38,  39 


FIQDRE  PITCH  ANGLE  RESPONSE  TO  CONTROL  MOMENT  STEP  INPUT 
FOR  CASE  NOS.  li6R,  iiTR,  li8R 


IBII  ■••■■■■■■■•■■■■■■■■■■> 

liii ■■■■•••■■■•■•■■■■■■■■I 
ini  nBmMaaBaBBBaaaBBBBl 


tan  aiaaiiaBBaaaaBaB 
•aai  aiaaiiaaaaaaaaaai 


liiBfnaaaanaaaaaiBa 
in  ii  aaanaacn  a  aa  a  a  a  i 


IRSSR8I 


laiaaaaaBBBBBBBi 

laiaiaBaaBBBBaai 


laiaBBBBBI 

iliaaaBBBi 


PITCH  ANGLE  RESPONSE  TO  CONTROL  MOMENT  STEP  INPUT 
FOR  CASE  NOSo  55,  5'' 


FIGURE  3?!! 
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:E  38 :  PITCH  ANGLE  RESPONSE  TO  CONTROL  MOMENT  STEP  INPUT 
FOR  CASE  NOS.  58,  60,  61,  62 
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PITCH  ANGLE  RESPONSE  TO  C 
FOR  CASE  NOS.  110,  111,  i 


STEP  INPU 


FIGURE  Shi  PITCH  ANGLE  RESPONSE  TO  CONTROL  MOMENT  STEP  INPUT 
FOR  CASE  NOS.  117,  Il8,  119,  120 
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RESPONSE  TO  CONTHOL  MOMENT  STEP  INPUT 
125  AND  TO  HORIZONTAL  GUST  PULSE  INPUT 
126R 
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FIGURE  61 ;  PITCH  ANGLE  RESPONSE  TO  CONTROL  MOMENT  STEP  INPUT 
FOR  CASE  NOS.  139,  li43  AND  TO  HORIZONTAL  GUST 
PULSE  INPUT  FOR  CASE  NOS.  11^0,  li^ZR,  liJbR 


For  Ue,  150R,  151,  152,  153 


For  iSi,  155 


FIGURE  6h:  PITCH  ANGLE  RESPONSE  TO  CONTROL  MOMENT  STEP  INPUT 
FOR  CASE  NOS.  l5ii,  155P,  156 
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FIGURE  65 


PITCH  ANGLE  RESPONSE 
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CONTROL  MOMENT  STEP  INPUT 

,  159,  160,  161,  162 
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FIGURE  66 


PITCH  ANGLE  RESPONSE  TO  CONIROL  MOMEf^:  STEP  INPUT 
FOR  CASE  NOS  l63,  I6I4,  165,  I66,  167,  I68 
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FIGURE  67:  PITCH  iVNGLE  RESPONSE  TO  CONTROL  MOMENT  STEP  INPUT 
FOR  CASE  NOS.  169,  171,  173  AND  TO  HORIZONTAL  GUST 
PULSE  INPUT  FOR  CASE  NOS,  170,  172,  llh 
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FIGURE  68  :  PITCH  ANGLE  RESPONSE  TO  CONTROL  MOMENT  STEP  INPUT 
FOR  CASE  NOS.  175,  176,  177 


For  170,  leo,  131,  182 


FIGURE  70:  PITCH  ANGLE  RESPONSE  TO  CONTROL  MOMENT  STEP  INPUT’ 
FOR  CASE  NOS.  iBh,  185,  l86 


FIGURE  73 :  PITCH  ANGLE  RESPONSE  TO  CONTROL  MOMENT  STEP  INPUT 
FOR  CASE  NOS.  193,  195,  197  AND  TO  HORIZONTAL  GUST 
PULSE  INPl/T  FOR  CASE  NOS,  19li,  196,  198 
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FIOURE  79:  EFFECT  OF  VERTICAL  CG  TRAVEL  ON  DAMPING 
FACTOR  AND  PERIOD  OF  OSCILLATION  (DUCT  3) 


LAMPIirO  FACTOR 


FIGURE  80:  EFFECT  OF  DAMPING  IN  PITCH  ON  DAMPING 

FACTOR  AND  PERIOD  OF  OSCILLATION  (DUCT  3) 
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FIGURR  81:  S-TFCT  OF  SPFFD  STABILL'n  ON  DA.'IPING 

FACTOR  AND  F=3^TOD  OF  OSCILLATION  (DUCT  3) 
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FtGUW?  eit:  EFFBCT  OF  Q^ROBUl  STtBIUZ=R  OF  DA'IPING  FACTOR,  PERIOD  OF 
OSCILLATION  AND  OVERSHOOT  IN  HOVERING  WITH  (1  -  1P°  (DUCT  3) 
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FIGURE  87:  R0VERI\^0  DAMPING  FACTOR  AMD  PERIOD  OF  OSCILUiTIOM  VS 
PITCH  SETTING  (DUCTS  1,  2,  h  AND  I!MSHIK)UT)ED  PROPFILHR) 
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FIGURE  88:  DA.'^.PING  FACTOR  VS  .MDVAKCE  R.\TI0  (DUCTS  1  AND  2) 
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FIGUR2  90:  EFFECT  OF  MOMENT  OF  IN^n’IA  OM  DAMPING  FACTOR  •  ! 

A^!D  PERIOD  OF  OSCILLATION  (DUCT  1)  ;  i 
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FIGURE  93:  EFFECT  OF  SPEED  STABIIITY  ON  DAMPING  FACTOR  .  ' 
AND  PERIOD  OF  OSCILIATION  (DUCT  1)  ! 
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FIGURE  9L:  EFFECT  OF  AMGLE-OF-Arr'GK  STABILHT 
ON  DAf^.PING  FACTOR  AT  X  -  .08  (DUCT  ! 


FIGURE  95:  EFFECT  OF  GYllOB/'Jl  ST^BILIZFJi  ON  DAMPING  FACTOR,  PE3^IOD 
OF  OSCILLATION  AND  OVERSHOOT  IN  HOVERING  (DUCT  1) 
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FIGURE  100:  VECTOR  DIAGRAM  OF  MOMENT  E.UILIRRTUM  I 
IN  HOVERING  WITH  GYROBAR  STABILIZER 
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FIGURE  101:  MOMENT  EQUILIBRCUM  AT  X  -  .Oli  \/ITH  GTROBAR  STABILIZER 
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FinURH:  103:  FPi-TOT  OF  SPFFO  AfT)  Afr.LP-OF-ATTACK  STABILITY 
ON  STABILITY  BODNDARTFS  IN  HOVTOING 
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Fir.URS  lO’i:  5i:F/'?CT  OF  SPFFD  AMD  ANOLF-OF-ATTACK  STAniLITY 
ON’  STAIILITY  BOUMD/MIIRS  AT  X  ■  .Oli 


(with  Oyrob«r  Stabiliier) 
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FIGURE  105:  EFFECT  OF  SPE.ED  AND  ANGLE-OF- ATTACK  STABILITY 
ON  STABILITlf-  BOUNBARIF-S  AT  X  -  .08 
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FIGURE  106 


EK’FSCT  OF  ANOLE-OF-ATTACK  STAHILITY  AND  PITCH 
DAMPING  ON  STADILITY  ‘<)|IND.iRlES  IN  HOVERING 
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EPPSCT  OF  A ?CLE-OF- ATTACK  STABILITY  AND  PITCH 
DAMPINO  ON  STABILITY  BOUNiJ-IRISS  AT  X  -  .OI4 
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FIOUR?  108:  SFri^CT  OF  AfJOJ^-OF-ATTACK  STABIlir/  AND 
DAMPING  OK  ST/BIIITY  POUNDAHISS  AT  X  - 


